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Zn–27Al alloyAbstract The microstructure and mechanical properties of Zn–27Al based composites reinforced
with rice husk ash (RHA), silicon carbide (SiC), and graphite (Cg) particles have been investigated.
The Zn–27Al composites consisting of varied weight ratios of the reinforcing materials were pro-
duced using the stir casting process. Hardness test, tensile properties evaluation, fracture toughness
determination, and microstructural examination, were used to characterize the composites pro-
duced. Results show that the microstructures of the composites are similar, consisting of the den-
dritic structure of the Zn–27Al alloy matrix with ﬁne dispersion of the reinforcing particles. The
hardness of the composites decreased with increase in the weight percent of RHA (and correspond-
ing decrease in SiC weight percent) in the reinforcement. The tensile strength and yield strength
decreased slightly with increase in the weight ratio of RHA in the composites with a maximum
of 8.5% and 9.6% reductions respectively observed for as much as 40% RHA (corresponding to
40% reduction in SiC) in the hybrid reinforcement. Although some of the composite compositions
containing RHA had slightly higher % elongation values compared with those without RHA, it was
generally observed that the % elongation was invariant to the composite RHA content. The frac-
ture toughness of the composites increases with increase in the weight percent of RHA with as much
as a 20% increase obtained for as much as 40% RHA (corresponding to 40% reduction in SiC) in
the hybrid reinforcement.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Zn–Al based composites have continued to ﬁnd relevance in
several technological applications (Can Kurnaz, 2003). The
Zn–Al alloys, which serve as the matrix for this class of
MMCs, are known for their good combination of physical,
mechanical and technological properties. High strength, excel-
lent castability, good machinability, low melting point andice husk
Table 1 Sample designations for the composites produced.
Sample
designation
Weight ratio
RHA:SiC:Cg
Weight
percent
reinforcement
Weight percent
RHA in the
reinforcement
A10 0:6.65:0.35 7 0
A20 1.4:5.25:0.35 7 20
A30 2.1:4.55:0.35 7 30
A40 2.8:3.85:0.35 7 40
B10 0:9.5:0.5 10 0
B20 2:7.5:0.5 10 20
B30 3:6.5:0.5 10 30
B40 4:5.5:0.5 10 40
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are among its notable characteristics (Zhu et al., 2003;
Savaskan and Hekimoglu, 2014). They have shown satisfac-
tory service performance when used for the design of compo-
nents such as bearings, dies, punches and seals which require
high mechanical and wear resistance (Bobic et al., 2009). The
inability of ZA based alloys to work effectively above operat-
ing temperatures of 80 C has been a sour limitation to its
application for several other purposes. In order to take advan-
tage of its base properties, reinforcing ZA alloys with ceramic
materials has been explored (Xu et al., 2006). The use of rein-
forcements such as silicon carbide (SiC) and alumina (Al2O3)
has resulted in marked improvement in hardness, strength,
speciﬁc strength, wear and creep resistance of Zn–Al based
composites (Mitrovic´ et al., 2007; Bobic et al., 2014). The
problem of machinability of Zn–Al based composites has been
improved on (without any deleterious effect on mechanical and
tribological properties) by the use of graphite as complement-
ing reinforcement to SiC and Al2O3 (Mitrovic´ et al., 2011). The
development of low cost Zn based composites with the use of
conventional reinforcements such as SiC and alumina and agro
waste ashes as complements has been marginally reported on
in the literature (Alaneme et al., 2014). The use of such a
hybrid combination of reinforcing materials has been well
explored for Al based metal matrix composites (MMCs) with
great technical promise reported (Alaneme et al., 2013a,b;
Escalera-Lozano et al., 2008). For Zn–Al based MMCs this
is a virgin area with the potential of offering reduced compos-
ite production cost, additional channel for agrowaste recy-
cling, while still maintaining the technical efﬁciency and
performance levels of conventional Zn–Al based composites.
In the present study, the mechanical properties of Zn–27Al
based composites reinforced with SiC, rice husk ash (RHA),
and graphite (Cg) are reported in this paper.
2. Material and methods
2.1. Material
Commercial pure zinc (Zn-99.96, Fe-0.02, Si-0.006, Pb-0.004,
others-0.01, in wt%) and aluminum (Al-99.92, Fe-0.003, Si-
0.033, Mn-0.021, others-0.023, in wt%) were procured for
the production of the Zn–27Al alloy selected as matrix for
the composite to be produced. Rice husk ash of average parti-
cle size of 50 lm, chemically pure silicon carbide (30 lm), and
graphite (30 lm); were selected as reinforcing materials for the
composite production. The chemical composition of the rice
husk ash used in this research is SiO2-90.23, Al2O3-3.54, C-
1.23, CaO-1.58, MgO-0.53, KOH-0.39, Fe2O3-0.21.
2.2. Production of composite
The production of the composites was performed using a dou-
ble stir casting process performed in accordance with Alaneme
and Adewale (2013). Using charge calculations, the weights of
rice husk ash (RHA), silicon carbide (SiC), and graphite (Cg)
required to produce melt charges containing 7 and 10 wt%
reinforcements with reinforcement weight ratios as presented
in Table 1 were determined. The rice husk ash, silicon carbide
and graphite were initially preheated separately at a tempera-
ture of 250 C to remove moisture and to help improvePlease cite this article in press as: Alaneme, K.K., Ajayi, O.J. Microstructure and mec
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charged into a gas-ﬁred crucible furnace (ﬁtted with a temper-
ature probe), and heated to a temperature of 670 C until the
Aluminum melted completely. The temperature of the furnace
was lowered to 500 C before Zinc was introduced. After Zinc
had melted completely, the melt was cooled in the furnace to a
semi solid state (at a temperature of about 450 C) and it was
stirred at 200 rpm for 5 min to achieve homogenization. The
preheated RHA, SiC and graphite particles were then charged
into the melt which was stirred manually for 5–10 min. The
semi-solid composite slurry formed was superheated to a tem-
perature of 530 C, stirred for a second time using a mechani-
cal stirrer operated at 400 rpm for 10 min. Thereafter the
liquid composite was cast in sand molds ﬁtted with metallic
chills. The sample designations for the Zn–27Al based compos-
ites produced are also presented in Table 1.
2.3. Mechanical testing
The hardness, tensile properties and fracture toughness (KIC)
of the composites produced were evaluated using Rockwell
hardness testing, tensile testing, and circumferential notch ten-
sile testing approach for KIC determination respectively. The
specimens for hardness test were ground and polished before
carrying out multiple hardness indentations on the test sam-
ples. The hardness values within the range of ±2% were aver-
aged to obtain the hardness value for composite composition.
A universal tensile testing machine operated at a strain rate
of 103/s was used for the tensile testing of the composite sam-
ples which were machined with a gauge length of 30 mm and a
diameter of 5 mm. The samples were pulled in tension to frac-
ture and stress–strain curves were generated for each sample in
accordance with ASTM 8M-91 Standard (1991). The tensile
properties evaluated from the stress–strain curves are tensile
strength, yield strength and percent elongation. Multiple ten-
sile tests were performed for each test composition of the com-
posite to guarantee the reliability and reproducibility of the
results generated.
The fracture toughness of the composites was determined
using a circumferential notch tensile (CNT) testing approach
(Alaneme, 2011). The composites for the test were machined
having gauge length, specimen diameter (D), notch diameter
(d), and notch angle of 30 mm, 5 mm, 4.2 mm, and 60 respec-
tively. The specimens were then subjected to tensile loading to
fracture using a universal tensile testing machine. The fracture
load (pf) obtained from the CNT specimens load–extensionhanical behavior of stir-cast Zn–27Al based composites reinforced with rice husk
ciences (2015), http://dx.doi.org/10.1016/j.jksues.2015.06.004
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empirical relations in accordance with Dieter (1988). For all
test compositions for KIC determination, multiple tests were
carried out to guarantee the repeatability and reliability of
the results generated.Figure 1 Representative micrograph showing (a) the Zn–27Al
alloy microstructure, (b) the microstructure of the Zn–27Al based
composite containing 7 wt% RHA–SiC–Cg with RHA constitut-
ing 20% of the reinforcement, and (c) the microstructure of the
Zn–27Al based composite containing 10 wt% RHA–SiC–Cg with
RHA constituting 30% of the reinforcement.2.4. Microstructure examination
Microstructural examination of the composites produced was
performed using a Zeiss Metallurgical Microscope with acces-
sories for image analysis. The samples for the examination
were metallographically polished and etched using dilute aqua
regal solution before the microstructural investigation was car-
ried out.
3. Results and discussion
3.1. Microstructure
Fig. 1 shows the microstructures of selected compositions of
the Zn–27Al/RHA–SiC–Cg composites produced. The
microstructures appear very similar, consisting of the dendritic
structure of the Zn–27Al alloy matrix with ﬁne dispersion of
the reinforcing particles. The grain structure and morphology
for all the composite compositions appeared to have the same
features which informed the selection of representative compo-
sitions for discussion of the composite microstructure. Similar
microstructural features have been reported by Alaneme et al.
(2014) who worked on Zn–27Al based composites reinforced
with bamboo leaf ash and silicon carbide.
3.2. Mechanical behavior
The results of the mechanical properties evaluated for the com-
posites are presented in Figs. 2–6. From Fig. 2 which compares
the hardness values of the composites produced, it is observed
that for the 7 wt% (A series) and 10 wt% (B series) reinforced
composite grades that the hardness decreases with increase in
the weight percent of RHA (and corresponding decrease in
SiC weight percent) in the reinforcement phase of the compos-
ites. For the 7 wt% RHA–SiC–Cg reinforced Zn–27Al com-
posite grades (A series), an average decrease of 8.3%, 14.6%,
and 21% was observed with an increase in RHA content of
the reinforcement from 0 to 20, 30, and 40 wt% (A20, A30,
A40) respectively. In the case of the 10 wt% RHA–SiC–Cg
reinforced composite grades (B series), hardness reductions
of 5.7%, 15.4%, and 21% were observed with increase in
RHA content of the reinforcement from 0 to 20, 30, and
40 wt% (B20, B30, B40), respectively. The reduction in hard-
ness with an increase in RHA content is due to the correspond-
ing decrease in the proportion of SiC in the reinforcements
which is the hardest of the reinforcing constituents of the com-
posite. Although RHA contains silica, trace amounts of alu-
mina, ferric oxide and magnesium oxide, these refractory
metal oxides are known to possess hardness levels lower than
those of SiC (Alaneme et al., 2013a). Thus with an increase
in the amount of RHA in the composite there will be a reduc-
tion in the hardness of the composites.
For the tensile strength and yield strength results (Figs. 3
and 4, respectively), a trend similar to that of the hardnessPlease cite this article in press as: Alaneme, K.K., Ajayi, O.J. Microstructure and mec
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10 wt% reinforced composite grades decreased with an
increase in the weight ratio of RHA (and corresponding
decrease in SiC weight percent) in the composites.
Speciﬁcally 3%, 5%, and 8.5% reductions in tensile strength
were observed for the 7 wt% RHA–SiC–Cg containing Zn–
27Al composites having respectively 20, 30, and 40 wt% of
RHA in the reinforcement (A20, A30, and A40). For the
10 wt% RHA–SiC–Cg containing Zn–27Al composites 1.7%,
5%, and 8% reductions in tensile strength were observed for
the composites containing respectively 20, 30, and 40 wt% of
RHA in the reinforcement (B20, B30, and B40). In the case
of the yield strength, decreases with increase in the weight ratio
of RHA in the composites of 4.3%, 6.4%, and 9.6%hanical behavior of stir-cast Zn–27Al based composites reinforced with rice husk
ciences (2015), http://dx.doi.org/10.1016/j.jksues.2015.06.004
Figure 2 Variation of hardness for the Zn–27Al based composites produced.
Figure 4 Variation of yield strength for the Zn–27Al based composites produced.
Figure 3 Variation of ultimate tensile strength for the Zn–27Al based composites produced.
4 K.K. Alaneme, O.J. Ajayireductions in yield strength were observed for the 7 wt%
RHA–SiC–Cg containing Zn–27Al composites having respec-
tively 20, 30, and 40 wt% of RHA in the reinforcement
(A20, A30, and A40). For the 10 wt% RHA–SiC–Cg contain-
ing Zn–27Al composites 2.3%, 5.6%, and 9% reductions in
yield strength were observed for the composites containing
respectively 20, 30, and 40 wt% of RHA in the reinforcementPlease cite this article in press as: Alaneme, K.K., Ajayi, O.J. Microstructure and mec
ash, silicon carbide, and graphite. Journal of King Saud University – Engineering S(B20, B30, and B40). The strengthening mechanism in MMCs
in which hybrid reinforcement consisting of hard and relatively
soft ceramic particles has been well reported (Alaneme et al.,
2013b). In the present case, where RHA has been used with
SiC, the presence of increased amount of softer reinforcing
particles, reduces the strengthening derivable from load trans-
fer from the matrix to the reinforcements (Alaneme andhanical behavior of stir-cast Zn–27Al based composites reinforced with rice husk
ciences (2015), http://dx.doi.org/10.1016/j.jksues.2015.06.004
Figure 6 Variation of fracture toughness for the Zn–27Al based composites produced.
Figure 5 Variation of % elongation for the Zn–27Al based composites produced.
Microstructure and mechanical behavior of stir-cast Zn–27Al based composites 5Adewale, 2013). This is because silica which is the predominant
ceramic oxide in RHA has an elastic modulus of 70 GPa which
is less than that of Zn–27Al alloy which has elastic modulus of
85.5 GPa. Hence strength reduction would be expected with
decrease in the amount of SiC which has elastic modulus of
450 GPa (Alaneme and Adewale, 2013). Fortunately, the max-
imum reduction in tensile strength for both the 7 and 10 wt%
reinforcement with 40% replacement of SiC with RHA was
8.5%.
The percent elongation (Fig. 5) however, did not show any
marked sensitivity to variation in the RHA content of the rein-
forcing phase of the composites. The % elongation values of
the composites produced were within the range of 6% and
7% with some of the composite compositions containing
RHA having slightly higher % elongation values compared
with the composite grade without RHA (A0 and B0).
For the fracture toughness results (Fig. 6) it is noted that
contrary to the trends observed for hardness and tensile
strength, the fracture toughness of the composites increase
with increase in the weight percent of RHA (and correspond-
ing decrease in SiC weight percent) in both the 7 and 10 wt%
composite grades produced. For the 7 wt% reinforced com-
posite grades produced, increases of 3.7%, 13%, and 25.5%
were obtained for the RHA–SiC–Cg reinforced Zn–27Al com-
posites containing 20, 30, and 40 wt% RHA in thePlease cite this article in press as: Alaneme, K.K., Ajayi, O.J. Microstructure and mec
ash, silicon carbide, and graphite. Journal of King Saud University – Engineering Sreinforcement (A20, A30, A40) respectively. For the 10 wt%
RHA–SiC–Cg reinforced Zn–27Al composites increase of
5%, 10%, and 20% were observed for the composites contain-
ing 20, 30, and 40 wt% RHA in the reinforcement (B20, B30,
and B40) respectively. It is also observed that the fracture
toughness values scales inversely with the yield strength values
(Fig. 4) which is in agreement with fracture mechanics theories
(Dieter, 1988; Bradt et al., 2002). The improvement in the frac-
ture toughness with increase in RHA content of the composites
is most likely due to the reduced amount of SiC particles in the
Zn–27Al based composites produced (Alaneme et al., 2014;
Mazahery and Shabani, 2013). The SiC particles like most
hard and brittle ceramic particles are reported to have a high
crack growth rate (Bradt et al., 2002).
4. Conclusions
The microstructure and mechanical properties of Zn–27Al
hybrid composites containing 7 wt% and 10 wt% of varied
weight ratio of RHA, SiC and graphite were investigated.
The results show that:
 The microstructures of the composites are similar, consist-
ing of the dendritic structure of the Zn–27Al alloy matrix
with ﬁne dispersion of the reinforcing particles.hanical behavior of stir-cast Zn–27Al based composites reinforced with rice husk
ciences (2015), http://dx.doi.org/10.1016/j.jksues.2015.06.004
6 K.K. Alaneme, O.J. Ajayi The hardness of the composites for both the 7 and 10 wt%
reinforced composite grades decreased with increase in the
weight percent of RHA and a corresponding decrease in
SiC weight percent in the reinforcement phase of the
composites.
 The tensile strength and yield strength for both the 7 and
10 wt% reinforced composite grades decreased with an
increase in the weight ratio of RHA in the composites,
although a maximum of 8.5% reduction in tensile strength
was observed for as much as 40 wt% of RHA in the
reinforcement.
 The percent elongation was not markedly sensitive to the
variation in the RHA content of the reinforcing phase of
the composites, although some of the composite composi-
tions containing RHA had slightly higher % elongation val-
ues compared with the composite grade without RHA.
 The fracture toughness of the composites increases with
increase in the weight percent of RHA (and corresponding
decrease in SiC weight percent) in both the 7 and 10 wt%
composite grades produced. As much as 20% increase in
fracture toughness was obtained for the RHA–SiC–Cg rein-
forced Zn–27Al composites containing 40 wt% RHA in the
reinforcement.
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